ABSTRACT: Proteoglycans (PGs) are heavily glycosylated proteins that play major structural and biological roles in many tissues. Proteoglycans are abundant in cartilage extracellular matrix; their loss is a main feature of the joint disease osteoarthritis. Proteoglycan function is regulated by sulfation−sulfate ester formation with specific sugar residues. Visualization of sulfation within cartilage matrix would yield vital insights into its biological roles. We present synchrotron-based X-ray fluorescence imaging of developing zebrafish cartilage, providing the first in situ maps of sulfate ester distribution. Levels of both sulfur and sulfate esters decrease as cartilage develops through late phase differentiation (maturation or hypertrophy), suggesting a functional link between cartilage matrix sulfur content and chondrocyte differentiation. Genetic experiments confirm that sulfate ester levels were due to cartilage proteoglycans and support the hypothesis that sulfate ester levels regulate chondrocyte differentiation. Surprisingly, in the PG synthesis mutant, the total level of sulfur was not significantly reduced, suggesting sulfur is distributed in an alternative chemical form during lowered cartilage proteoglycan production. Fourier transform infrared imaging indicated increased levels of protein in the mutant fish, suggesting that this alternative sulfur form might be ascribed to an increased level of protein synthesis in the mutant fish, as part of a compensatory mechanism.
P roteoglycans (PGs) are heavily glycosylated proteins that play a critical role in both development and disease. During development of the vertebrate skeleton, for example, abundant PG secretion in the extracellular matrix provides function to both cartilage and bone.
1 Defects in PG synthesis and homeostasis can lead to skeletal disease. A main feature of the joint disease osteoarthritis is loss of PGs in cartilage matrix. 2 PG function is regulated by sulfation, during which sulfates are added to specific sugar residues as esters. Sulfation of PGs is important for at least two biological roles of cartilage matrix that are relevant to defects in osteoarthritis patients: tissue integrity and growth factor signaling.
2, 3 The amount of PG sulfation in cartilage matrix is thought to be directly proportional to how much water it absorbs, which determines the compression-resistant strength of cartilage. 4 In addition to this structural role, PG sulfation influences binding affinities (and thus signaling activity) of growth factors and is required for normal growth factor signaling in cartilage matrix. 5, 6 In fact, many of the studies of the signaling role of cartilage PGs originate from genetic perturbations to PG sulfation pathways. 7−12 Despite the importance of sulfated PGs, methods for their visualization are quite limited. Histological stains, such as Alcian blue or Safranin O, can reflect PG sulfation; however, the mechanisms through which the dye binds are unclear and can be nonspecific. 13 Moreover, although antibodies have been generated against sulfated PGs, these may be too specific as an antibody might sense only one isomer of a particular sulfated PG. 14 We present herein methods for direct visualization of sulfur chemical forms, and specifically sulfate esters, in situ within developing cartilage matrix through the use of chemically specific X-ray fluorescence imaging (XFI). 15 XFI is a powerful method that can be used to map the distribution of elements at the regional, cellular, and subcellular levels in biological samples. 15 The technique has found numerous applications across the field of analytical biochemistry to study the anatomical distribution of elements 15 in tissue samples as diverse as bone 16, 17 and brain. 18 While other methods such as proton-induced X-ray emission spectroscopy and scanning electron microscopy have been used previously to investigate the distribution of total sulfur in cartilage, 19−23 these techniques lack XFI's combination of sensitivity to low concentrations and high spatial resolution. In addition, XFI, when properly used, can also provide chemically specific imaging, which we have exploited for the first time in this study to image sulfate esters. Chemically specific XFI takes advantage of the difference in X-ray energies required to excite different chemical forms of sulfur. The chemical shift range at the sulfur K-edge spans a relatively wide energy range (approximately 14 eV), reflecting the diversity of sulfur chemical forms and oxidation states present in biological tissues ( Figure S1 and Table S1 ). Hence, several XFI measurements of the same sample can be taken, each at a slightly different incident energy corresponding to excitation energies of different sulfur chemical forms. This contrasts with XFI elemental mapping, for which the energy of the incident X-ray beam is typically set well above the excitation energy of a wide range of elements, allowing multiple elements to be imaged simultaneously but without chemical discrimination. Chemically specific imaging of sulfur was first demonstrated by our group in plant tissues 24 and more recently was attempted for samples of rat brain 25 and bovine cornea, 26 although these reports do not correctly discriminate between sulfate esters and inorganic sulfate. We present herein the first chemically specific XFI of sulfate esters in biological samples, with additional high-resolution trace-level XFI of sulfur and phosphorus.
Larval stage zebrafish are used increasingly as an experimental model to understand human development and disease. 27, 28 There are a number of advantages to the zebrafish model, including high fecundity, ease of culture, very well characterized developmental stages, and remarkable conservation of gene function with higher vertebrates. Additionally, a wide variety of mutant and transgenic zebrafish are available, each to elucidate a given gene's function. We have used larval stage zebrafish to test the hypothesis that sulfation levels of cartilage PGs regulate chondrocyte differentiation. As part of the process of endochondral ossification, chondrocytes embed themselves in a PG-rich extracellular matrix and then progress along a differentiation pathway termed maturation or hypertrophy.
1, 29 Histological and biochemical studies have suggested that levels of sulfated PGs in cartilage matrix decrease as chondrocytes mature ( Figure 1A) . 30, 31 The maturation process has been established to begin from the middle of the cartilage element, and thus, a gradient of mature to immature chondrocytes exists from the center of the cartilage element extending in both directions to the anterior and posterior ends. 31−33 This predicts that lower levels of both total sulfur and sulfate esters would be present in these regions of developing cartilage. Moreover, we also predict decreased sulfur levels in developing cartilage of PG synthesis mutant zebrafish ( Figure 1B,C) . 32, 33 Similar to the histologically observed inverse relation between PG sulfation and chondrocyte maturation, 30, 31 PG defective mutant cartilage shows an increased level of maturation. 32 Our results demonstrate the importance of chemically specific XFI and provide unique insights into the in vivo relationship between PG sulfation and chondrocyte differentiation.
■ METHODS
Zebrafish. Zebrafish adults and embryos were maintained in accordance with Canadian animal ethics protocols at the University of Saskatchewan. At 6 days postfertilization, zebrafish larvae were anaesthetized with MESAB (MS-222; 0.02%), embedded in optimal cutting temperature (OCT) medium, and immediately flash-frozen in liquid nitrogen-cooled iso-pentane. For fam20b-PG synthesis, mutant zebrafish larvae (fam20b b1127 ) heads were embedded in OCT while tails were placed into a DNA lysis solution, and mutants were identified according to the polymerase chain reaction protocol previously described. 32 Tissue sections, cut at 10 μm, were melted onto thermanox plastic for XFI analysis, except for subcellular imaging for which micrometer sections were melted onto Si 3 N 4 substrate. All tissue sectioning was performed on the same day, on an instrument calibrated within an error of 10%. We have previously used confocal microscopy to measure the thickness of tissue sections cut on this instrument to confirm that the error is within 10%. 34 Tissue sections were cut from additional fish and melted onto infrared transparent CaF 2 windows for FTIR spectroscopic imaging analysis. All samples were air-dried prior to analyses.
Choice of Flash-Freezing without Formalin Fixation. Previous studies 35, 36 have shown that chemical fixation (i.e., formalin fixation) can drastically alter the elemental distribution and chemical composition of biological samples. In the study presented here, sulfur K-edge XAS was measured on zebrafish sections prepared using different protocols ( Figure S3 ). Formalin fixation followed by plastic embedding (methacrylate embedding) resulted in a significant alteration in sulfur speciation, notably increasing the levels of sulfoxides, and is not recommended as a preparation method for the study sulfur speciation. Cryo-fixation, with or without prior formalin fixation, yielded no significant differences in sulfur speciation. In addition, XFI was used to compare elemental distributions in flash-frozen cartilage with and without formalin fixation ( Figure  S4 ). While sulfur levels were unchanged between the two methods, formalin-fixed flash-frozen tissue contained significantly more chlorine than non-formalin-fixed flash-frozen tissue ( Figure S4 ) because of a high Cl − level from the fixation buffer. Hence, flash-freezing tissue samples without formalin fixation was chosen as the sample preparation method. Histology. Following XFI analysis, sections were fixed in a 4% buffered formalin solution (pH 7) and stained following a routine hematoxylin and eosin (H&E) protocol, as previously described. 34 Whole-mount Alcian blue staining of cartilage was conducted as previously described. 32 XAS Data Collection at Stanford Synchrotron Radiation Laboratory (SSRL) Beamline 4-3. Bulk sulfur K-edge XAS spectra of zebrafish tissue sections and standard solutions were collected using a Si(111) double-crystal monochromator with an upstream collimating mirror set at an angle sufficient to reject the Si(333) and higher harmonics. The incident beam was reduced to 1 mm × 3 mm by vertical and horizontal slits, and the intensity was measured with a helium gas-filled ionization chamber, I 0 . Samples (tissue sections and solutions) were mounted at 45°to the incident beam, and X-ray fluorescence was collected with a nitrogen gas-filled SternHeald Lytle detector (The EXAFS Co., Pioche, NV). Prior to the collection of spectra, the sample chamber was purged with He until the relative O 2 content within the chamber was <0.5%. XAS spectra were calibrated against the spectrum of an anhydrous Na 2 S 2 O 3 powder solid standard, with the lowestenergy peak thought to be 2469.2 eV, as described previously.
24,37−39 Spectra were collected across the energy range of 2450−2515 eV, with a total collection time of approximately 5 min, using the XAS-Collect software. 40 An average spectrum was calculated for each sample from three replicate measurements. Spectra of calibration standards and model compounds were recorded at room temperature. Standard compounds used for fitting routines ( Figure S1 and Table S1 ) represented disulfides (oxidized glutathione), thiols (reduced glutathione), thio-ethers (methionine), sulfoxides (methionine sulfoxide), sulfinic acids (hypotaurine), sulfonic acids (taurine), O-linked sulfate esters (N-acetyl D-galactosamine 6-sulfate), N-linked sulfate esters (D-galactosamine 2-sulfate), and inorganic sulfates (Na 2 SO 4 ). Standards were analyzed as solutions to minimize the self-absorption artifacts previously reported, 38 ,41 made up to 30−100 mM in PBS at pH 7.4 and measured in sulfur-free custom-made polycarbonate cuvettes with thin polypropylene windows.
XAS Data Collection at the Canadian Light Source (CLS) Soft X-ray Microcharacterization Beamline (SXRMB). Data collection used a configuration similar to that at SSRL beamline 4-3, except that the incident beam was reduced to 2 mm × 4 mm by vertical and horizontal slits, and the X-ray fluorescence was measured using a four-element Si drift detector array (Hitachi HHS, USA, Northridge, CA). Spectra were collected at room temperature across the energy range of 2450−2515 eV, with a total collection time of approximately 10 min.
XAS Data Analysis and Processing. Spectra were processed using the EXAFSPAK suite of programs. 42 Using the DATFIT program, spectra collected from tissue sections were fitted with a linear combination of reference spectra (discussed above). Standards were excluded from the refinement algorithm if they contributed to <0.5% of the total spectra, at a value <3 times their standard deviation of measurement (calculated from the diagonal elements of the variance−covariance matrix).
Elemental Mapping Using XFI. Unless otherwise noted, XFI used a focused beam with the sample mounted at 45°in a purged helium atmosphere and raster scanned through the incident beam. The incident beam intensity was measured with a helium gas-filled I 0 ion chamber. Fluorescence emission spectra were recorded with a four-element vortex detector at 90°to the incident beam.
Regional Spatial Resolution XFI at the CLS VESPERS Beamline. The incident pink beam was focused to a spot size of approximately 4 μm × 5 μm (horizontal × vertical) using Kirkpatrick−Baez (KB) mirror optics. The sample was raster scanned in 5 μm steps with a dwell time of 2 s. The full emission spectrum via multichannel analysis (MCA) was recorded at each pixel, in addition to single channels for P, S, Cl, K, Ca, Fe, Cu, and Zn fluorescence lines, and elastic scatter.
Cellular and Subcellular Spatial Resolution XFI at Advanced Photon Source (APS) Beamline 2-ID-B. The incident beam of 2530 eV from a multilayer spherical grating monochromator was focused to a spot size of 0.1 μm using Fresnel zone plate optics. Samples, mounted at 15°to the incident beam, were raster scanned using a step size (effective pixel size) of either 1 or 0.1 μm (cellular or subcellular spatial resolution, respectively), with a dwell time of 100 ms. Fluorescence emission spectra and single channels for P, S, and elastic scatter were collected.
Quantification of XFI Data. To quantify elemental (or chemically specific) sulfur maps, regions of interest (ROIs) were drawn for specific anatomical locations in the cartilage, aided by the overlay of histological images with XFI maps. ROIs were drawn to calculate the average elemental or sulfate ester concentration for the entire ceratohyal (CH) cartilage region and also for posterior and medial regions of the cartilage. The boundaries for the medial region of the cartilage were defined by the high P content associated with mineralized tissue. ROIs were defined using Sam's Micro-Analysis ToolKit software 43 for image data collected at CLS VESPERS or at SSRL beamline 14-3, or using MAPS 44 software for data collected at APS beamline 2-ID-B.
Sulfur Chemical Species Mapping Using Chemically Specific XFI. Chemically specific XFI requires high energy resolution with good stability and reproducibility as well as a focused beam. This was achieved at regional spatial resolution on SSRL beamline 14-3. KB optics focused the incident beam to a spot size of approximately 5 μm × 5 μm (horizontal × vertical). The sample was raster scanned through the beam in 3 μm steps, with a dwell time of 1 s. The vortex detector readout was synchronized to the stage movement speed, and data were collected continuously, such that the full emission spectrum was collected every 1 s, for an average stage movement of 3 μm. Images were collected at incident energies of 2510.0, 2479.8, 2478.2, and 2475.0 eV. Energy was calibrated to the lowestenergy peak of anhydrous sodium thiosulfate, thought to be 2469.2 eV. Following image collection, micro-XAS spectra were recorded from specific locations using a step size of 0.15 eV with a dwell time of 2 s.
Chemically Specific XFI General Strategy. The process of chemically specific imaging has been previously described in detail. 15, 24 In general, and slightly modified for windowed fluorescence data at the sulfur K-edge, to visualize n different chemical forms of sulfur, n + 2 fluorescence maps of sulfur are collected. A map is collected with incident energy tuned to the energy of the strongest peak of each of the n chemical forms of sulfur, plus two additional maps below and above the sulfur Kedge, equivalent to a background, non-sulfur fluorescence map and a total sulfur map, respectively. The background fluorescence map is subtracted from each of the remaining n + 1 fluorescence maps. Normalized fluorescence intensities are determined from model compound spectra of the n sulfur This approach can image the total sulfur metabolome in a biological sample in a time much shorter than that needed to collect individual spectra per pixel (essentially impractical within a realistic time for dilute species) coupled with least-squares fitting of spectra. However, this process still requires numerous maps (typically six to nine) to image all biologically likely sulfur chemical forms, often resulting in data collection for many hours per sample.
Higher-Excitation Energy Modification of Chemically Specific XFI. Because the current study focused on the distribution of sulfate esters that have a high excitation energy, specific images of chemical components with lower excitation energies such as thiols, thio-ethers, disulfides, and sulfoxides were not needed. Consequently, the protocol was modified to image sulfate esters through collection of four rather than eight maps in half the experimental data collection time. Specifically, the new background map was collected at 2475.0 eV to account for both non-sulfur fluorescence and the fluorescence of lowerexcitation energy sulfur (thiols, disulfides, thio-ethers, and sulfoxides). This decreased the sulfur chemical forms used in imaging (n = 2), with maps collected at the strongest peaks for sulfonic acids (2478.2 eV) and sulfate esters (2479.8 eV), and the total sulfur map collected above the sulfur edge (2510.0 eV). The 2475.0 eV map was subtracted from the 2478.2 and 2479.8 eV maps and then matrix inversion applied as previously described. 24 Validation of a Modified Chemically Specific XFI Protocol. The modified approach assumes that the fluorescence intensity from lower-oxidation state species has negligible variation in the energy range above 2475 eV. To test this, a series of spectra were simulated for mixtures of thiols, thio-ethers, disulfides, and sulfoxides across a range of compositions expected in cartilage ( Figure S5 ). While below 2475 eV these spectra show large intensity variations, above thio-ether, pink; disulfide, red; sulfoxide, light blue; sulfonic acid, orange; O-linked sulfate ester, dark blue. Raw data are shown as black circles, the fit is shown as a black line. The residual is shown below the spectra. (C and D) Bulk measurements performed on zebrafish tissue sections cut at different planes detect chemical differences that correlate to tissue structures present in the sample (i.e., more sulfate esters when more cartilage is present, more thio-ether when eye lens is present). (E and F) μ-XAS can be used to prove chemical speciation on a fine spatial scale (e.g., 10 μm × 10 μm region) and detect chemical differences among eye lens, cartilage, and muscle; locations from which μ-XAS (F) were measured are indicated on the histological image (E). Abbreviations for panels C and E: C, cartilage; L, eye lens; M, muscle; R, retina. Arrows numbered 1−3 in panels E and F highlight the positions of maximal absorbance due to thio-ethers, sulfonic acids, and sulfate esters, respectively, which are most abundant in the eye lens, muscle tissue, and cartilage tissue, respectively. The scale bar in panel C is 20 μm, and the scale bar in panel E is 50 μm.
2475 eV the variations are substantially smaller, with intensity ranges (normalized units) of 0.087, 0.049, and 0.054 at 2475, 2478.2, and 2479.8 eV, respectively ( Figure S5A ). This range of intensity variance between 2475 and 2480 eV is substantially smaller than the intensity in the region due to sulfate esters ( Figure S5B ). Likewise, micro-XAS spectra from wild-type and mutant cartilage typically differ by more than 0.6 across this region ( Figure S5C ). Therefore, although variation in relative compositions of thiols, thio-ethers, disulfides, and sulfoxides will produce small intensity variations across the energy range of 2475−2480 eV that will not be fully subtracted by the background image at 2475 eV, the magnitude of these changes is 10 times less than the magnitude of the biochemical changes under investigation and thus does not alter the scientific outcome of the results. In addition, the relative composition of taurine and sulfate esters obtained with traditional linear regression of micro-XAS spectra corresponds well with our chemically specific imaging method ( Figure S6) .
FTIR Spectroscopic Imaging. Globar-FTIR-Focal Plane Array (FPA) spectroscopic images were collected at the Canadian Light Source (CLS) with a Hyperion 3000 microscope fitted with an upper objective of 36× magnification and a lower condenser of 15× magnification. This arrangement yielded a pixel size of 1.1 μm. The FTIRI data were collected with a spectral resolution of 4 cm −1 and the co-addition of 256 scans, and a background image was collected from blank substrate using 256 co-added scans. The background was collected immediately prior to each sample. The total protein content was calculated from the integrated area under the curve for the amide I band (1700−1600 cm −1 ), as previously reported for brain tissue. 34, 45, 46, 56, 57 The ester carbonyl content was calculated from the integrated area under the curve from 1755 to 1715 cm −1 . All data processing and image generation were performed using Cytospec (Cytospec, version 1.2.04) and Opus (version 6.5, Bruker, Ettlingen, Germany).
Statistics. Three null hypotheses were tested.
(1) Total sulfur and total phosphorus contents are not different between subcellular compartments (nucleus, cytosol, and cell membrane/extracellular matrix) (n = 3). (2) Cartilage maturation does not alter the total sulfur or sulfate ester content of cartilage (i.e., no significant difference exists between the anterior and medial regions of a cartilage element) (n = 5). (3) Mutation of fam20b does not affect the total sulfur, sulfate ester, or elemental content of the cartilage relative to those of wild-type cartilage (n = 5). Values of n in parentheses refer to the number of biological replicates within each group to test each null hypothesis. All samples to test null hypotheses 1 and 2 were paired samples and were tested with a paired Student's t test. Hypothesis 3 was tested with a Student's t test. All statistical analysis was two-tailed and used a 95% confidence limit (p < 0.05). Statistical analysis was performed using SPSS 13.
■ RESULTS AND DISCUSSION
Development and Validation of Chemically Specific XFI. Sulfur K-edge X-ray absorption spectroscopy (XAS) spectra of inorganic sulfate, sulfonic acid, and O-and N-linked sulfate esters are compared in Figure 2A . A number of other sulfur model compounds were also investigated (Table S1 and Figure S1 ). While the exquisite sensitivity of the spectra of lower sulfur oxidation states has been reported previously, 41, 47 the higher-oxidation state species shown in Figure 2A also show remarkable sensitivity to chemical form. Inorganic sulfate SO 4 2− has a characteristic single sharp absorbance at 2479.6 eV. This feature is attributable to a dipole-allowed 1s → 3p transition to the formally unoccupied 3p manifold, with no obvious splitting because of 3p degeneracy in the tetrahedral ligand field. 48 For sulfate esters, breaking the tetrahedral symmetry causes a lifting of the 3p degeneracy, with a corresponding broadened or split spectrum for N-or O-linked esters, respectively. 48 Esters linked through N show a broadened peak at 2479.4 eV, while O-linked esters show a minor feature at 2478.5 eV and an intense feature at 2479.8 eV. Hence, the pseudotetrahedral S(VI) compounds studied here can be distinguished spectroscopically. Figure 2B −F shows both bulk and micro-XAS spectra of larval zebrafish tissue sections. Spectra were fitted to a linear combination of the full complement of model compounds to determine the relative sulfate ester contents; a representative example of this fitting is shown in Figure 2B . Histology was used to identify sections with high or low cartilage ( Figure 2C) , with bulk spectra averaging over sections rich in cartilage showing increased absorbance at 2478.5 and 2479.8 eV ( Figure  2D ), consistent with O-linked sulfate esters. Similarly, micro-XAS ( Figure 2F ) of 5 μm areas of cartilage, muscle, and eye lens ( Figure 2E ) showed significant differences in sulfur speciation for each tissue type. Thus, cartilage showed a predominance of O-linked sulfate esters; muscle showed high sulfonic acid (taurine) and protein thiol group contents, while eye lens showed only reduced forms from the methionine-rich lens crystallin proteins (Table S2 ). The major oxidized form and most spectroscopically prominent form of sulfur in cartilage matrix was O-linked sulfate ester; neither N-linked sulfate esters nor inorganic sulfates were detected in any region. Chondroitin sulfate is the major proteoglycan molecule found in cartilage and contains approximately 50−100 chondroitin chains attached to a protein backbone, with each chain containing 20−30 sugar residues. 49 In chondroitin sulfate, nearly all the sugar residues are thought to be sulfated and mostly bound as O-linked esters, 49, 50 and our data provide direct observation of this in cartilage.
Chemically specific XFI was used to image the relative distribution of sulfate esters in the larval zebrafish head ( Figure  3) . Because imaging at all excitation energies is timeconsuming, we employed a four-energy excitation approach, targeting only the oxidized forms that are the primary focus of this study. From the maps recorded at specific energies ( Figure  3B −E), background subtraction and matrix inversion are used to derive the maps of sulfonic acids ( Figure 3G ) and O-linked sulfate esters ( Figure 3H ), along with total sulfur ( Figure 3E) ; total phosphorus ( Figure 3F ) is also recorded because the excitation energies are above the phosphorus K-edge. Notably, matrix inversion yields a sulfonic acid map with close to negligible intensities ( Figure 3G ) even though the raw map at the sulfonic acid peak energy [2478.2 eV ( Figure 3C )] shows substantial intensity; the latter can be attributed to the presence of sulfate esters. In particular, chemically specific XFI showed that although cartilage, retina, and muscle were rich in total sulfur ( Figure 3E,I ), sulfate esters were exclusively localized within cartilage ( Figure 3H,I ) and sulfonic acids were negligible throughout this section.
Cellular and Subcellular Localization of Sulfur in Chondrocytes. Figure 4 shows XFI of larval zebrafish cartilage at 1 and 0.1 μm resolution (panels B and C and panels E and F of Figure 4 , respectively). The bright field micrograph ( Figure  4A ) shows the location of chondrocytes and cell nuclei. As expected, the level of phosphorus is seen to be elevated in cell nuclei ( Figure 4B,E) . In contrast, each chondrocyte's periphery is enriched with sulfur ( Figure 4C,F) . The 0.1 μm beam size used in the high-resolution images was insufficient to distinguish the cell membrane and extracellular matrix in this extremely small larval zebrafish cartilage. However, our imaging confirmed that the highest levels of sulfur are localized in the cell membrane or extracellular matrix (Figure 4D ,F,G), in agreement with the expected distribution of sulfated PGs in cartilage.
1,32,51 Our subcellular imaging revealed that while high sulfur levels exist within cartilage, some 40% of the total sulfur was localized within the cytoplasm and nucleus ( Figure 4G ). Thus, sulfated PGs are a major, but not the only, contributor to cartilage sulfur content, requiring careful consideration if total sulfur is used as an indirect marker of PG sulfation. Measurements of total sulfur at coarser spatial resolution, as has been done previously, 19, 21, 52, 53 will not differentiate sulfur located in the cell membrane and/or extracellular matrix from intracellular nuclear and cytoplasmic sulfur pools.
Relationship among Total Sulfur Levels, Sulfate Ester Levels, and Chondrocyte Maturation. We used XFI to investigate the hypothesis that cartilage maturation involves a decrease in total sulfur and sulfate ester content. As cartilage matures during endochondral ossification, mineralized bone begins to form in the adjacent tissue, the perichondrium. 29 Therefore, to help define the region of mature cartilage in the XFI images, we used the high-magnitude phosphorus signal from adjacent perichondral bone. Because a high phosphorus level was observed in the midregion of the developing zebrafish ceratohyal ( Figure 5B . A Student's t test at the 95% confidence limit was used to test for significant differences between groups. *p < 0.05, and **p < 0.01. Scale bars are 10 μm in panel C and 5 μm in panel F.
Total Sulfur and Sulfate Ester Levels in PG-Defective
Cartilage. Defective PG synthesis in fam20b mutant zebrafish, isolated from a mutagenesis screen, causes reduced levels of sulfated PGs in cartilage matrix. 32, 33 Indeed, the fam20b PG synthesis mutant shows a correlation between sulfated PG levels and chondrocyte differentiation, similar to that seen during normal development. XFI elemental analysis at the regional (5 μm) level showed no significant changes between the wild-type and fam20b-mutant cartilage in terms of total sulfur and other elements (P, Cl, K, and Ca) (Figure 6 ). Therefore, although the distributions of total sulfur and sulfate esters correlate with those of PGs in wild-type cartilage ( Figure  5 ), cartilage from PG-defective mutant zebrafish does not have a decreased total sulfur content ( Figure 6 ). This surprising result reinforces our earlier conclusion that total sulfur may not always be a reliable indicator of cartilage PG content. One possible cause for the lack of a decrease in total sulfur that would confound the scientific conclusions in this study is the possibility that tissue sections from mutant fish were cut slightly thicker than tissue sections from wild-type fish. The average total sulfur levels for data presented in Figure 6 are 10.55 ± 2.3 and 10.88 ± 1.91 for wild-type and mutant fish, respectively. The S/P ratios are 1.75 ± 0.23 and 1.90 ± 0.16 for wild-type and mutant fish, respectively. The S/K ratios are 0.22 ± 0.052 and 0.25 ± 0.043 for wild-type and mutant fish, respectively. Therefore, as the total sulfur, the S/P ratio, and the S/K ratio do not show any significant differences between mutant and wild-type fish, it is highly unlikely that variation in tissue thickness is masking a true decrease in total sulfur in mutant fish relative to wild-type fish.
Chemically specific XFI was used to reveal the sulfur speciation directly (Figure 7 ). This new technique confirmed our finding of no significant change in total sulfur but revealed a significant decrease in the O-linked sulfate ester content in fam20b-cartilage, relative to that of the wild type ( Figure  7E ,J,K). This difference was still significant in data normalized to total sulfur ( Figure 7K ), suggesting that the potential variation in tissue thickness or density was not a contributing factor. Indeed, the ratio of sulfate ester levels between wild-type and mutant fish (1.96) was within 10% of the sulfate ester/total sulfur ratio between wild-type and mutant fish (2.12), further supporting the finding that there is little variation in tissue thickness. To support these imaging results and to provide a broader analysis of all chemical forms of sulfur in wild-type and fam20b-cartilage, micro-XAS spectra were collected and analyzed by linear combination curve fitting. The curve-fitting results show a subtle but significant decrease in sulfate ester , and the same scientific conclusion was reached in each case. The data are presented as the relative concentration (fluorescence yield). A Student's t test at the 95% confidence limit was used to test for the significant difference between groups. *p < 0.05. The scale bar is 10 μm. Figure 6 . Mutation of PG synthesis has no significant effect on total elemental content. This figure compares the elemental levels and distribution in cartilage from wild-type (A−F) and fam20b-mutant (G−L) fish. After quantitation (M), there were no differences in total sulfur [or any other element (P, Cl, K, and Ca)] from data collected at 3 μm steps, in a 5 μm × 7 μm beam. A Student's t test at the 95% confidence limit was used to test for significant differences between groups. The scale bar is 5 μm. XFI elemental maps were collected at the CLS. The data are presented as relative concentration (fluorescence yield). content in fam20b-cartilage relative to that of wild-type cartilage and more substantial changes in thiol and thio-ether contents ( Figure 7L and Table S2 ). Future higher-spatial resolution XFI studies are expected to improve our understanding of the significance of these findings.
Total Protein Levels Are Increased in PG-Defective Cartilage. Fourier transform infrared (FTIR) spectroscopic imaging was used to determine the total protein content of wild-type and fam20b-PG-deficient cartilage (Figure 8) . The results revealed that the fam20b-mutant fish have significantly increased total protein levels relative to that of wild-type fish. The levels of other absorbance bands (i.e., ester carbonyl band) were not significantly different between the wild-type and mutant fish, and the difference in total protein remained after normalization of the amide I band to the ester carbonyl band, an indication that variation in tissue thickness is not the cause of the differences in total protein.
■ DISCUSSION
Chemically specific sulfur K-edge XFI has been used previously to image sulfur speciation in situ in plants, 24 rat brain, 25 and bovine cornea; 26 however, sulfate esters have remained largely unaddressed. In the initial plant study, sulfate esters were not substantially present in the tissues examined, while subsequent studies of brain 25 and cornea 26 incorrectly assumed that inorganic sulfate could be used to model sulfate esters, which we estimate could give quantitative errors exceeding 38% ( Figure S2) . Moreover, these studies 25, 26 did not use matrix inversion to solve for chemically specific images but instead used an analytically less rigorous difference method. Here we have further developed our methods 24 to specifically image the distribution of sulfate esters in biological samples, providing the first direct in situ imaging of the distribution of sulfated proteoglycans in cartilage.
Our four-energy approach (e.g., Figure 3 ) neglects N-linked sulfate esters, which is reasonable because it is known that these are present only at low levels in cartilage; 49, 50 the majority (if not all) of the sulfate esters are present as sulfated PGs, 1 with direct analysis of sulfate ester content reflecting the sulfated PG content. However, this will not be true for all tissue types. In brain, for example, a large component of sulfate esters exist as sulfatide lipids within white matter, as we have shown previously. 36 Therefore, an accurate understanding of the chemical species likely to be present in each sample will be important when interpreting results. Future studies with higher spatial resolution may be able to identify discrete hot spots of N-linked sulfate esters. With the development of new highintensity beamlines capable of operating at the sulfur K-edge with high-spatial and high-energy resolutions, we anticipate that imaging with a full complement of energies, both including lower oxidation states and resolving O-and N-linked esters, will be routine. Our findings that levels of total sulfur and sulfate esters decrease in the matrix of mature cartilage ( Figure 5 ) are consistent with previous histological and biochemical work, 30, 31 and with nonimaging electron probe studies of tissue sections of growth plate cartilage of the chick 20 and pig. 53 Conversely, sulfur levels have been reported to increase again upon mineralization of cartilage. 21, 53 Because there is no mineralized cartilage at this stage of zebrafish development, we did not evaluate this. Our results do not support the finding that sulfur levels increase in hypertrophic cells of juvenile pig articular cartilage. 52 The possibility that PG sulfation patterns may differ in growth plate and articular cartilage may be a focus in future studies, especially given the relevance of this distinction to diseases such as osteoarthritis.
An interesting conclusion from these data and previous work is that levels of PG sulfation somehow regulate cell differentiation. PG sulfation decreases during cartilage maturation, and cartilage maturation happens precociously when cartilage PG sulfation is reduced. 32, 55, 56 Thus, the sulfation levels of cartilage PGs are inversely correlated with chondrocyte maturation. This observation calls into question the roles not only of PG synthesis genes but also of PG sulfation enzymes in regulating chondrocyte maturation. Two mechanisms can be proposed regarding the influence of sulfated PGs on gene expression: mechanical and biological. PG sulfation promotes extracellular matrix hydration, 5 which provides cartilage matrix with mechanical properties that may regulate gene expression through mechanotransduction, likely via integrin signaling. 57 PG sulfation also influences growth factor signaling, 7−12 which is known to regulate gene expression. Further studies along these lines may inform our understanding of many human diseases, including osteoarthritis.
This study shows that total sulfur levels did not decrease in fam20b-PG-deficient fish, despite a significant decrease in sulfate ester levels. However, the micro-XAS spectra revealed that the content of lower-oxidation state sulfur species appeared to be increased in the mutant fish, which would account for the lack of a decrease in total sulfur content. A possible cause of the increase in lower-oxidation state sulfur could be an increased level of protein synthesis in the mutant fish, as part of a compensatory mechanism. To confirm this, FTIR spectroscopic imaging was performed to quantify the relative protein content in wild-type and mutant cartilage tissue. The results confirmed that the total protein levels are significantly increased in the mutant cartilage tissue, suggesting that total protein synthesis is different between wild-type and fam20b-mutant cartilage. Future work will now be conducted to determine the origins of the altered protein synthesis and if they act as a compensatory mechanism.
■ CONCLUSIONS
Here we have further developed chemically specific XFI and have applied it to cartilage to study the relationship between sulfated proteoglycans (PGs) and the differentiation program of cartilage cells. XFI shows that levels of both total sulfur and sulfate esters, the main biochemical form of sulfur in PGs, decrease as cartilage matures during endochondral ossification. Cartilage from a PG synthesis mutant also shows a subtle but significant decrease in sulfate esters relative to that of the wild type, providing genetic confirmation that the sulfate esters in developing cartilage observed by XFI are due to PG sulfation. In total, chemically specific XFI of developing normal and mutant cartilage reveals a functional correlation between PG sulfation and chondrocyte differentiation, potentially opening up a new avenue for exploring interactions between a cell and its extracellular matrix environment. 
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